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CENFRATOR CIRCUITS 


The two cireuits shown below are the 


frecuently used in impulse testing. 
See Fig. 1A, Appendix A. 


t, = time to crest = @ «SRS CT, 


t.. =time of decay = 0.7R(C,% Cy )+ty 
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To calculate t. above, 


R = (Rt R.) 
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To calculate t. above, 
As 


R= Rg (Rg Rg) 
Rg + Re “ Ra 
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Appendix eq. (114) 


Appendix eq. (5 & 6B) 


Appendix eq. (8C) 
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Example: 
Required wave form: 14 x 40 ms. 
Approximate K.V. to be applied: 3500 K.V. 


Assume the circuit of Fig. I is to be used. 
From curve 1lE it is found that the 20-unit generator is 
the most desirable of the four standard generator set-ups.* 
Generator capacity (Curve oF) w .0085 mf. 
Generator inductance (Curve on) bebo mn. 
By means of adding capacity in parallel with the test— 
piece, assume that we make Cz, = 500 mmf. = .0005 mf. 
fo prevent oscillations, Rg must be as large or greater 
than the value obtained from ¢€Q- eos | 


> 1] 45.5%.0085 + 0005) > 


R= 2 792 ohms. 
setae | 0085 x .0003 | 


But for a 15 ms. front, R, must satisfy ed. LTA 


Pee e.5x 8, x .0005 


R, = 2000 ohms. (This is large enough to prevent oscillations)| 


} 


Re 


40 = 0.7(2000 +R,) (.0085 +.0003) + 1.5 


is determined from eq.(5 & 6B) to give a 40 ms. tan. 


Rg = 4250 ohms. 
The circuit constants are therefore: 


Z0-unit generator (.0085 mf.) 
300 mmf. 

2000 ohms. 

4250 ohms. 
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¥The four standard generator set-ups in the laboratory: 


14—unit generator 
40-unit generator 
60-unit generator 
100-unit generator. 


APPENDIX A C1) 


Derivation of an approximate formula for front of 
wave calculations. 


In Fig. 1A, by definition, 


4 


time to reach crest voltage (ms.) 
time to decay to one-half crest voltage (ms.) 


crest voltage (KV.) 
ws 
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This is a typical wave as would be expected of either 
the circuit in Fig. I or that in Hig. II, the voltage 
being that appearing across C; at any time t. 


; Since R, and Rg are each large compared to Rg , and 

' ginee the time to réach crest voltage is small compared to 
the total discharge time, let us assume the circuit as in 
Fig. 2A where the load capacity, Cy, , is charged from a 
constant potential sm@rce through he damping resistor Rg. 
This constant potential source is also assumed to be equal 
to the crest voltage that would have been obtained had the 
circuit not been altered. 


Be 


Fig 2A 
The inductance of the circuit is neglected. 


(2A) : 


The voltage across Cy, » Fig. 24, would be as shown : 
in Pig. Say" | ih 
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__ At any time, t, the sum of the voltages, Fig. 2A, 
‘ is equal to Zeros 7 
1/0,,f4 at\ + an. = © re + ele Bq. (1A) 
\ | 3 Differentiating 1A with respect to t: , : j 
eee ai/ot = 0. Ae ee Ree : 
Cy R,di/dt + i = 0 
Assume the form of solution to be 
i = ent Eq. (3A) : 
substituting SA in <A, 
Cy Rome™*+ et = 9 Eq. (44) 
CpRam +1 £0. 
e m= -—1/R sCL 
ee Substituting this value of m in SA, remembering that 
pa . for each value of m there is a constant, K, to be determined 
from the boundary conditions, | | 
$= K e7~t/RsCy, | Eq. (5A) 
Substituting boundary conditions to determine K, 
when t=0, i=E/R, 
R/Ro = KL) | 
Thus, the complete solution is | 3 oo 


i= E/R, gti het., | 7 | Eq. (6A) 


(3A) 


The equation for voltage across Cy, at any time is 
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Substituting GA in 7A, 
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vy = B(1-e7*/RSCL) Nos) eg (I iq. Cas 


_ ge | ; | 
Solving SA for tx when vy =.9E, as Shown in Fig. SA: | 
ore Bii- er ts/Rsony |) you | 
. / Lb i) | 4 

tz=2.5 RC, pol Hep” Ec. (9A) 
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And from Fig. SA, 


red 
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t, =1.1 €, Eq. (LOA) 


Substituting 9A in 10A, 


t= &.5) RsCu) 

Z CoN , | 

a 

When this formula is used, the assumptions made in its { 

derivation should be kept in mind: | 

1. A source of constant potential. j 

5. Inductance of circuit neglected. 1 

%. Time to reach crest short as compared to total | 
discharge time. 


foo. (See Fig. I and Fig. 11), pecause the voltage output 
of the generator is decreased as Cr, is inereased. PR ane 
{s one-tenth or less of Cg , our assumptions are fairly 
accurate in so far as Cy; is concerned. 

It is also desirable to keep Rg as small 4s possible 
because this likewise reduces the voltage output of the 
generator, but R, must be large enough to damp out the 
oscillations of the circuit. 

: R, and Rg were removed from the circuit on the 
assumption that time to reach erest is small as corpared 

to total discharge time. If this assumption is true, whéch 
depends entirely upon the desired wave shape, then very 
Little charge will have been lost through these resistances 
before crest is reached, and our assumption as to a constant 
potential source is fairly accurate. 

The inductance of the circuit was neglected, but. Lf cue 
dnductance of the circuit is appreciable,. then our formula is 
of no good. The inherent inductance of most impulse generatos 
is usually small as compared to the other constants of the 
circuit, and for most calculations can be neglected. It 
should also be interesting to note that in this derivation 
the error introduced by neglecting the inductance is to some 
extent off-set by the assumption of a constant potential 


Source, 


Tt is usually desirable to keep Cy, small as compared 
| 
| 


gots SSE eS RC ee rm: . 


as =a - = = = > =e pares Seka ee Le = SEIT SSSR SS re SSS Se Rr Se rors = =e a a Se gS a se er ae Snes mai Cage 
= = 255 Ss ae = eat SS = ro ST i Sie En ee TE 
siemees = - on na Ral ae : = = = <a = ame ES SS eee es Seen ot 
< - = .. * = z 
~ 
; - BE tse . _— 
¢ = FS TN a ek TOR 
s 
* ——_s 
: 3 . 
Lf 
r 
2 . 
. 
—— _ — a 
' 
° 
/ 
sr 
7 at zo, ~ tet ing 7 oe - 
: : Terbeee x 
: ei = - - 
oe x: 
oe 
= 
~ ‘ 
. ea Pee 
“> Set Jad 


ve. Y= 


ws EES in pew 


. . an a a 

Moe aa ay in 4 LPR ARS > TE “= 2 = =, St i : ; SA oare 
: = a pS ald a ent a: — - 
Sw WR 


he 
ty 
§ 


ay 


_If, in Fig. 2A, it had not been assumed that the | . 
potential source were constant, but instead the analysis &§ 
were made with C, in the circuit, the following approximate a 


formula would ha¥e been obtained: | : i 
bce eo Re Le “ Eq. (12a) 


This equation should be used where C; is more than 
one-tenth of Co » Which is very seldom the case for impylse 
testing. | 


Since we neglected the inductance of the generator, let ; 
us see what effect this would actually have on the wave front. 


Consider Fig. 4A: 
ey L 


E R | oo 
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Fig. 44 


B is assumed a constant votential scurce,. 

L is the inductance of the generator. 

R is the total effective ground resistance, and for this 
case we shall assume it as being R,, because initially there 
is no charge on C;. | 


The voltage across R at any time is given by the 


expression: 
Pe aa] e Ft/ly Eq. (13A) 
Again substituting .9E for v, | 
be 2-5 L/P Eq. (144) 


Thus, the smaller R, the more effect the inductance 
has on the time to reach crest. Therefore, substituting 
R, for R would give us a @gm worse condition than we actually 
have, because as C;, is charged, the voltage drop across Re 
is decreased. 


oubstituting the values for the circuit obtained on 
page cy, | 


wen & 45.5 


ty = = 0.056 ms. 


2OOO | 
And certainly this would be a negligible error. 


APPENDIX _B Pie Ga) 


. Derivation of an approximate formula Cor: tal of 
wave calculations. 


Consider both Fig. I and Fig. II. At the instant 
crest voltage is reached Cj, begins to discharge, and 
we have essentially from this instant the combined capacity 
ae Cy and Cy. discharging through a resistance to ground. 


_— 


es 
Fig. 1B 


In Fig. 1B, R represents the effective resistance to 
ground, and C represents the combined capacity of Cy and 
Oni. The inductance of the circuit is neglected. 


If # is the crest voltage reached, then at any instant 
thereafter, the voltage across C is: 


v=E-1/0/s dt | Eq. (1B) 


And this is at any time equal to the instantaneous 
voltage across R, 


p-/0/s dt = ik Eq. (2B) q 
This equation is the same as 1A in Appendix A, and the 
boundary conditions are likewise the same; therefore, the 
solution will be the same. 
feeme FO | Bq. (SB) 


When the voltage has reached half value, i=0.5E/R, 
and the time is approximately (to-t,). See Fig. LA, perdi A. 


O.5E/R = B/R ew (Ee7t1)/RC Eq. (4B) 


to-t, = oe 6932 RC 


or approximately, 


ty OT aC. | Eq. (5B) 


(2B) 


In Fig. ii, the combined capacity of C, and o is the two 
in paratie!, and © in 5B becomes, 


Since C, is quite larger than ¢,,, the epproxinate 
effective discharge resistance is | ea 


Ry + Ry Sd Ra . Ede (7B) 
Aga for the cirouit in Fig. II, the approximate forma 


for caloulating the time for voltage te decay to half value 
is Ra len us 


C #0 


Ry +R, + Ry  Eqe (8B) 


And for the circuit in Fig. I, 
to = 0.7 (R, + Rg) (Cc, + Oy) + ty | Eqe (9B). 


APPENDIX C (1c) 


For most impulse generator circuits, in order to obtain | 
the correct wave tail, R, and R, are sufficiently large to 
prevent oscillations in ®heir 1 oops" of the circuit. But a 
oscillations will result in the outside loops of the circuits, ‘ 
Mig. I and Fig. II, if Rg is not sufficiently large. This | 
analysis will have to do with the determination Of Hain | 
order to damp out oscillations about this outside Loop. 


The oscillatory portion of the circuit for either Fig oD 
or Fig. II is shown in the figure below (Fig. 1C), and Fig. 2c i 
is a more simplified diagram of the same circuit, lumping 4 
the combined capacity of Cy and. Cy’. 


Fig. 2£C 2 Fi 
At any time, t, the summation of the voltages about 
“ene circuit in Fig. 3C is zaro. 
ee 1/c fs Ae SD di/dt ae Ba. (1C) 
Me eutitting with respect to t, 
L d’i/at® +R, difat i/o = 0 Eq. (2C) 
Assume a solution in the form of ize 


—, 


then di/dt=m e@* » and d©i/dt© = n° ett 


Substituting in 2c, 


ye) 
Sey ee m+ 1/0 = 0 | Eq. (3C) 
and solving for gp | 


m . “Bg © WRgc)® — atc 
REI Col hat pean 


Eq. (4C) 
aL 


Designating m as having positive sign before the radical, 
and Mo as having négative Sign before the radical, the solution 
is 


(2C) 
is ky em’ + me oe Eq. (5C) 
where K, and K. are constants 
to be determined from the boundary conditfons. 
For the purpose of this analysis it is not necessary 


to determine K, and K. , because we are only interested 
¢ Ay La = Ld 2 Ee 
in whether or not the circuit is oscillatory. 


If the quantity under the radical, 4C, is negative, 
then the exvonents are imaginary, and 5C would be of iiss 
form: 


a t 
L=kK fix ty EK, fas +y) 


4 =) 


gt 


ey * (K, e9*" ~ Koe 
Which reduces to 
is e! *(K, sin{ jxt] + K,cos (~ jx) Eq. (60) 


And by inspection we sce that this is an oscillatory 
condition. | 
If the quantity under the radical, 4C, is positive, 
then the exponents are not imaginary, and the function 
cannot be reduced te the form of 6C. 


Therefore,.to prevent oscillations, the sign of the 
discriminant must. be positive, and 


auc $(R,C)* Bq. (7C) 


RE 2yu/c 


Substituting for C, Fig. ec, 


Fa. (8C) 


The figure below shows 4 wave where R, is not great 
enough, and- Fig. 1A, Appendix A, shows a wave where H,. is 
sufficiently large to damp out the oscillations. 
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Analysis of an impulse generator circuit. 


Consider the circuit as in Fig. 1D below, which is the 
same as that of Fig. I with the inductance neglected. 


5 Rte 
fe 


C, is the effective capacity of the impulse generator. 
during?discharge. 

C, is the combined capacity of the test-piece, sphere 
gaps, or any other capacity that might be added for wave shape. 

R, is the damping resistance. 

Re is the ground or divider resistance. 

tis time, measured from instant of discharge. 

H 43 tne voltage across C, at instant of discharge, 

i designates the instantaReous currents, being positive 
for the directions assumed in Fig. 1D. 

vy is the voltage across C, at any time t. 

p is the differential operator (d/dt) 


The following assumptions are made: 

il. The inductance of the cireuit is neglected. 

«#e There is no energy loss in the series gaps of the 
generator. eae 

| Oo. The circuit constants are lumped as in Fig. 1D. 

4, The leads are short, and there are no voltage 
reflections. | 

oS. When time is zero, the voltage across C_ is E, and 

' there is no charge on Cy e 


The voltage across Cy at any time after discharge is 


a /e, f iat : 
The sum of the voltages around each loop of the circuit 


Ber 2ero forall times of t. 
The equation around the outside loop is 


E “1/6, [i,t SiR + oy, [zat Eq (1D) 


(2D) 


The equation around the first loop is 


E~1/c, 7 i,dt = 414%. t (4, - i.)R, | Eq. (2D) 


Differentiating these two equations: 
: (R,C,Cy at, /at toa oe = Bq. bj 
(RoC, + RC) di, /dt ~(R,Cy)dig/dt +i, =0 Eq. (4D) 


The next step is to solve these two equations for ij 
and i5, and it is much easier to solve simultaneous 
differential equations by substituting the operator, o, 
for d/dt, and handling it in the same fashion as an 
algebraic quantity. The operator must, however, always 
operate on its assigned variable, as in this case, it 
must always operate on a eurrent or some function that 
may be reduced to eurrent. 

Substituting the operator, SD and 4D become, 


ecpPli + C;i, + Cis = 0 Eq. (5D) 


(RgCg+RgCg) pi, - ReCgpig + 1, = 0. 46 Bo (BD) 


RC 


¥The usual manner is to begin by writing these 
equations using the operator from the very start of the 
analysis. 


Handling the operator in an algebraic fashion, and 
5D and 6D for i, and inp » the following equations result: 


2 | | 

[(RsRgC gly) P + (RC gt R.Cg+Rgly)P + 1] 4; #0 28a. (7D) 
2 | oe 

[RsRgC gC) P + (RgCg + RgCg +RgCy,)P + 11g = 0 Bq. (8D) 


. The equation for i is identical to that for Lo ; 
hut when the boundary cofiditions are substituted to 
determine the constants, i, and io will not be the same. 


Assume the solution to be of the form ise’, 


pen, i , ent 
i a amt 


p 
oo 
pi =(d/dt)i = di/dt v/ef iat = 1/c_ Pd * t 
p ‘ 


rea ae ON oO. 2 } A 
el = (a /at" jis a 1/dt | 3 E 
sop 21/0 [sat a | we 

[ = 1/C 


and ee im YD, 
Solving fOr wy: : 
| rs 
2 i lead CotR, iM — WRsCothgCotRgCy,) "= 4RgRpCpCz, 
Eq. (LOD) 


Since there are two values of m, there will be 
two constants to be determined from the boundary conditions, 
Let m, = positive sign before radical 
and m, = negative sign before radical. 


Then the equation for i, is 
mt ae i 

=k el +k ee Eq. (11D) 
Likewise, the equation for io is 

om In t t 3 
in = Kz oe l"4+K, ee Eq. (12D) 
Consider 11D. 

When t=0, i, = B/R, 

Substituting, 
B/Rg = K, + Ky | Eq. (13D) 


Substituting the following conditions in SD: 
When t <0, 1 = E/R, ae 
And solving tor aij /dt, 


Opt Cy 
C7,0g 
Differentiating 11D and substituting for di, /at, 
E Crt Cy 
Re 25% aC 
s. Ls 


Solving 14D and 14D, 


) 


di, /at = 2 ke. 
RS 


= mK, + mK Eq. (14D) 


Bq. (15D) 


Eq. (16D) 
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Substituting the constants in 11D, — 


ae am) 


Substituting the “constants in ty 


“> masp sing 20D, mh sak my are obtained Pron top. | 


eins v is the instantaneous voltage across Cy “‘. ae, 


ov ts R me fo) "ee | z eae Eq. e1D) 2 


| "gust tuting 19D and BOD, « 
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If we differentiate eep and set equal to Zero, we ‘have 


the time acini for the. patvane. across ks bo. 2's elms 


fn = - i s 


( 2069 (me). - Loge () | er a tas cet 


Hit hia is not she kine’ke Ares bs defined in Fig. 1A, se 
Appendix A. If we substitute for tin 22D the time to. reach 


maximum, T, then v becomes v If we multiply this by 0 
and equate *to red, then, we oma solve for t, which would | 


te, cerrespond to t,, Fig. SA; Appendix As Bub’ £5. in eal ities 
a ne ames dostredy and By Cespent ios $21, ty te urate 
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The oscillograph in the Locke High Voltage Laboratory. _ 


The vacuum system: 


WValve A 


/ Oacille- 
graph 


Bell 


Valive 
Go > To 
wae Valve. B air 


. air lines . 


Water lines’ 


If the diffusion pump is cold, and it is desired to. 
bring a vacuum on the oscillograph bell, open valves A, B,. 
_ and C and use only the rotary pump until the vacuum is 
fairly high. Never let cold air into the diffusion pum 
When hot; the required time to cool the pump is about 
i5 minutes of circulating ice water with the heater element 
off. After a fairly high vacuum is reached, close valve — 
A, check the circulating water, then start the diffusion 
pump. When the desired vacuum is obtained, valve B may be 
closed. Im shutting down, first turn off the heating 
element of the diffusion pump; allow cireulating water to 
flow for at least 15 minutes; check valves A and B to see 
that they are closed; then turn valve C to let air into 
the rotary pump. Shut off the rotary. pump. ) 
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Operation of the impulse generator and ascillograph. 


Consider Fig. 2: 


After the main generator is charged to the desired 
primary voltage, power is applied to the synchronous switch, 
and when the initiation generator is sufficiently charged 
the gap at "A" ares over. This impulse is carried through 
the variable resistance, Rj, and the delay capacity, to the 
three electrode gap in the first bank of the main generator. 
This causes the three electrode gap to are over and fire the 

main generator. The impulse from the initiation generator. 
also fires the cathode at "BM", and the sweep circuit at "D", 


When the main generator discharges, its voltage builds 
up across the ground resistance, Ry. A very small proportional 
part of this voltage is tapped off at "BE", and by means of 
the shielded cable pick-up, 1s carried to the vertical 
deflection plates of the oscillograph. The stream of electrons 
passing between the plates is deflected in proportion to 
the voltage on the plates,-thus giving 4 picture on the film. 


When the initiation generator fires, the gaps at "D" are 
over, building up a voltage across the horizontal deflection 
plates of the oscillograph. This voltage attracts the stream 
of electrons and causes them to be swept across the srreen at 
a certain speed depending upon the setting of the variable 
eapacity, C,. At all times a bias potential is applied at 
"FH so that the stream of electrons will be initially deflected 
to a point left of the screen, and then as the gaps at "D" are 
over, the stream will be deflected completely across the screen. 
Tt is therefore necessary to have some means of adjustment 
such that the voltage from the divider resistance of the main 
generator will build up on the vertical deflection plates during 
the interval of time the beam is actually on the screen. This 
adjustment is afforded by the delay capacity, the three electrode 
gap of the main generator, and the variable resistance, H,.- fe g 
R, is increased, the time required for the delay capacity to 
aered is increased, and consequently a delay in time for the 
three electrode gap to are over and fire the main generator. 
Therefore, assuming that the sweep is from left to right, in- 
creasing R} causes a delay in firing the main generator, and 
the voltage wave will be displaced to the right on the screen. 
if R, does not afford enough adjustment for tne wave to appear 
on the screen, then it is necessary to change the spacing of 
the three electrode gap, and then re-adjust R, for the pest 
wave position. Increasing the gap spacing of the three | 
electrode gap on the main generator will delay the firing » 
and thus bring the voltage wave farther to the right on the 
‘screen. 


Tn order to determine the time characteristics of the 


— 


(an) a 


wave, an oscillatory wave of a known frecnency is aa ied 
to the vertical deflection plates and swept across the 
sereen with the same sweep setting as Was used for the 

wave under study. The sweep speed is controlled by in- 
creasing or decreasing the variable capacity, Gis Tf this 
capacity is increased, the time required for it to charge 
is increased, and the voltages puilds up much slower acpboss 
the horizontal deflection plates. This, of course, results 
in a slower sweep. eae 


When the generator is operated while not using the 
oscillograph, the cathode and sweep circuits should be 
disconnected. 


Before operating the oscillograph, always make sure that 
the initiation generator is operating on negative polarity. 
The reason for this is that the electrons must travel from | 
the cathode at "Bl" to the anode at "'G" in order to obtain a 
stream of electrons through the deflection plates and to the 
screen. 


) The required charging time for the four | 
set-ups is given in the table below. generator 


14-umit generator iris hla A aes 
S0-unit generator ~+—+=-L---- sec. 
60-unit generator tent SS aon 
100-unit generator -&-—-.u--__ JO sec, 


In Fig. 2B, the resistance r is made equal to.the 
surge impedance of the pick-up cable to prevent wave 
reflections. The surge impedance of the pick-up cable 
is given by the formula: | 


Z zVL/C 


Where I, is the unit induetance and C the unit capacity 
of the cable. | | | ie 
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Calibration of the impulse generator. 


For practically all rottine flash—over tests, the 
following method has been used successfully in the Locke 
High Voltage Laboratory. The only exceptions are tests 
that require the application of over-voltage, such as 
required to obtain the volt-time curve of a test Specimen, 
it has been found by experiment that quite an appreciable 
current in the form of corona streamers precedes the final 
or heavy discharge when over-voltage is applied; and it ean 
be seen from Fig. I and Fig. II that this current would 
cause a voltage drop across R,, thus resulting in less 
voltage across C,; than would otherwise have been obtained 
were the test-piece removed from the circuit. For this 
_ type of work the beam deflection of the oscillograph may 
be calibrated by use of the sphere-—gaps, and the actual 
voltages can then be measured from the films. 


Curve lE shows the calibration of the impulse generator 
in the Locke High Voltage Laboratory. To obtain the K.V,. 
at test conditions, merely find K! that corresponds to the 
number of condenser units of the generator being used, 
multiply this by the ratio of Re/(RstRg), and then -by the 
voltmeter reading. This K.V. will be in accordance with 
the new sphere-gap curves, A.I.E.E. Standards, No.4; but 
if the result should be based on Peekts curve, the values 
may be converted by applying the difference between the 
two sphere-gap curves. 


The factors é@ntering into K! are: | 
1. Ratio of input (voltmeter reading) to the output 
d.¢. crest voltage of the step-up transformer and kenotrons. 
The d.c. output erest voltage is taken as the totel difference 
in potential between positive and negative crests. | 
we Efficiency of the impulse generator. 


For capacity and inductance of the impulse generator, see 
Curve 2E. These values were taken from Mr. H. A. Prey 's 3 
Technical Report No. 335. ; 


The capacity of a Locke, No. 7785 insulator, is approximately 
05 mmf. Other insulators should be judged according to their ; 
Size as compared with the No. 7785. : : 


| The capacity of one 100-cm. sphere is approximately 55 mmf. 

- to space, Assume the capacity of the floor Spheres in the 

laboratory as approximately 75 mmf. when the Spacing is greater 

than 10 cm. For less spacings, increase the capacity according 
to the decrease in spacing. 


For every test made in the laboratory, always measure the 


resistances of the circuit. These v:lues Should be included in 


the report together with the number of generator units, the 
and the atmospheric conditions. One 


approximate value of C 


sphere-gap point should be checked for each set—up made. 
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